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ChildrenAbstract Lung diffusing capacity estimated using nitric oxide (NO) as the tracer gas has been
proposed as a direct measure of the pulmonary membrane diffusing capacity for NO (Dm) and
the pulmonary capillary blood volume (Vc). Thus, the aims of this study were to identify the factors
inﬂuencing Vc and Dm and to establish linear regression equations for predicting reference values
for Vc and Dm in healthy Tunisian boys aged 8 to 16 years.
Methods: It is a cross-sectional analytical study. The sample is formed of healthy Tunisian
children aged 8 to 16 years. First, subjects responded to a questionnaire. Anthropometric and
spirometric data were collected. DLNO and DLCO were measured and Dm and Vc were calculated
simultaneously during a single breath maneuver using the double transfer technique for NO/CO.
Statistical analyses were carried out using Statistica (Statistica Kernel version 6, StatSoft, 26
France). Signiﬁcance was set at the 0.05 level.turated;
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706 S. Rouatbi et al.Results: Eighty ﬁve boys were included to establish Vc and Dm reference values. Correlations
between the Vc or Dm of the 85 healthy boys and anthropometric data showed that only BMI
was not signiﬁcantly correlated with Dm. The proposed Vc reference equation is: Vc (ml) =
11.3859 · age + 3.4613 · BMI  117.0508. This model explains 45.7% of Vc variability. The
proposed Dm reference equation is as follows: Dm (ml/min/mmHg) = 0.6430 · height  41.5854.
This model explains only 16.31% of Dm variability.
Conclusion: We have established a reliable and an available reference equation to interpret the
results of Dm and Vc in healthy North African boys aged 8 to 16 years.
ª 2014 The Egyptian Society of Chest Diseases and Tuberculosis. Production and hosting by Elsevier
B.V.Open access under CC BY-NC-ND license.Introduction
The measurement of gas transfer in the lung is one of the few
tests aimed at investigating deep lung function. According to
the classic model of pulmonary diffusion proposed by Rough-
ton andForster [1] lung diffusing capacity (DL) for carbonmon-
oxide (DLCO) is composed of two resistances arranged in series:
1=DLCO ¼ ð1=DmÞ þ ð1=HCOVcÞ ð1Þ
where pulmonary membrane diffusing capacity (Dm) for CO
(DmCO) is the CO conductance across the alveolar-capillary
tissue membrane and plasma barrier; HCO is the rate of CO
uptaken by the whole blood and combination with hemoglobin
(Hb) measured in vitro, and Vc is the pulmonary capillary
blood volume. In normal subjects, resistance of the membrane
(1/DmCO) and erythrocytes [1/(HCO*Vc)] contribute almost
equally to the overall diffusive resistance across the lung.
Lung diffusing capacity estimated using nitric oxide (NO) as
the tracer gas (DLNO) has been proposed as a direct measure
of the conductance of alveolar membrane (pulmonary mem-
brane diffusing capacity for NO [Dm]) [2]. Because the reaction
rate of NO binding to Hb is some 280 times faster than that of
CO [3], the rate of NO uptaken by blood (HNO) is extremely
large and 1/(HNO*Vc) becomes negligible, i.e. DLNO is
approximately equal to Dm [2,3]. So the nitric oxide diffusing
capacity (DLNO) reﬂects the properties of the alveolo-capillary
membrane better than the DLCO [2]. Therefore DLNO can be
deﬁned as the true alveolo-capillary membrane diffusing capac-
ity [3]. This non-invasive technique, easy to perform and repeat,
could be of value in the diagnosis of many diseases. However
the DLNO has been investigated by a small group of research-
ers, and is still not implemented in clinical routine.
Several childhood diseases can be explained (pathophysiol-
ogy) and explored by the measure of diffusing capacity, Vc and
DmNO, for example: Cystic ﬁbrosis [4], childhood systemic
diseases such as systemic lupus erythematosus [5], b-thalasse-
mia [6] and childhood cancer [7]. These parameters can accu-
rately locate the place of the anomaly: pulmonary capillary
or alveolar membrane. This non-invasive technique may be
useful in diagnosis, and during the follow-up of the disease
as an early indicator of reactivation. Indeed, several childhood
diseases are accompanied by a change in Vc and/or Dm and
interpretation of these changes requires the knowledge of their
normal values. In other words, we must have some ideas of
physiological variations and reference values of these parame-
ters in order to properly interpret pathological changes.
Regarding children, to our knowledge, no studies have been
made to determine the predicted values for lung diffusing
capacity in healthy children.Thus, we propose to study, for the ﬁrst time, lung capillary
blood volume and alveolar membrane diffusing capacity, using
the NO–CO method, in healthy North African boys. The aims
of this study are to: (1) identify the factors inﬂuencing Vc and
DmNO in healthy North African boys aged 8 to 16 years. (2)
Establish linear regression equations for predicting reference
values for Vc and Dm in healthy North African boys aged 8
to 16 years.
Material and methods
Study design
This is a cross-sectional analytical study spread over eight
months. It was conducted in the Department of Physiology
and Functional Explorations in the Public Health Institution,
Farhat HACHED Sousse (Tunisia) (altitude <100 m). Study
design consists of a sample of healthy Tunisian children in
the region of Sousse, aged 8 to 16 years. Subjects were recruited
from the children of the hospital workers, and from public and
private schools. Information letters, clarifying the aims of the
study, were put up in the Medicine Faculty and in different
schools. When a subject was interesting, an appointment for
distributing a medical questionnaire and exploration was ﬁxed.
Data from each volunteer child included: gender, age, height,
weight, birth height and weight, smoking history (child or par-
ents), medication use, medical history, physical examination
and pulmonary capillary blood volume data. All children re-
ceived a copy of their exploration and when an unknown dys-
function was discovered, they were sent to a specialist. Study
approval was obtained from the Ethics committee of the Farhat
Hached Public Institution of Health and written informed con-
sent was obtained from all children and their parents.
Sample size
A large number of subjects (i.e., n> 100) are needed to ensure
no signiﬁcant difference between the published reference
equations and those from the local community [8]. Therefore,
to determine the inﬂuencing factors and establish a reference
equation or normal values, we recruited an initial group of
172 children.
Subjects
Volunteer healthy children aged from 8 to 16 years were in-
cluded. The following non-inclusion criteria were applied:
chronic illnesses; history of pulmonary diseases or related
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ma use, current or past symptoms of wheeze, chronic cough);
abnormal lung function [8]; oto-rhino-laryngological diseases
or symptoms (allergic rhinitis); recent airway infection (cold,
ﬂu, and sore throat within the last 7 days); atopic dermatitis
or eczema; regular medication use (especially steroids or
b-agonist, leukotriene receptor agonist. . .); heart disease;
premature birth (i.e., birth before 36 weeks gestational age);
active smoking; and imperfect realization of required respiratory
maneuvers or the inability to comply with the study procedure.
The Vc measurements were performed after the inclusion/
exclusion criteria had been veriﬁed.
Medical questionnaire
Two medical questionnaires recommended for epidemiological
research were combined and used to assess several children’s
characteristics [9].
The questionnaire was written in Arabic. It was composed of
37 questions, mainly closed responses and usually dichotomous.
Questions were asked by an examiner with whom children or
children–parents were not familiar. Children or parents of the
subjects answered questionnaires regarding demographic data,
general health information (especially birth weight, height and
gestational age noted from the personal health records), ques-
tions on clinical symptoms and diagnosis of allergic diseases.
Two subgroups of children were deﬁned according to sports
activity (non-active and active) based on the response to the
following question [10]: do you practice any sport activity out-
side school?
Two socio-economic levels (SEL) were distinguished based
on the ratio between the number of inhabited rooms and
household size (<1.5: unfavorable; P1.5: favorable) [11].
Physical examination
Anthropometric data were veriﬁed, measured or calculated:
age (year), height (cm), weight (kg), body mass index (BMI,
kg/m2), and body surface area (BSA, m2).
The decimal age (accuracy to 0.1 years) was calculated from
the date of measurement and the date of birth. Due to the fail-
ure of software to compute decimal age as the difference be-
tween test date and birth date, age was taken as the number
of complete years from birth to the date of the study.
Height (cm) was measured with a height gauge, in a subject
with shoes taken off; heels joined, and backwell straight.Weight
(±1 kg) was measured in a subject without heavy clothes.
BMI (=weight/height2, kg m2) was calculated. Over-
weight and obesity were deﬁned according to the criteria of
Cole et al. [12] depending on age and BMI. Two groups of chil-
dren were identiﬁed (normal weight, overweight or obesity).
BSA (m2) was calculated by using weight in kg and height
in cm [13]: BSA (m2) = 0.007184 · weight0.425 · height0.725.
Diffusion capacities, Dm and Vc measurements
Volume and gas calibrations of the Hyp’Air lung diffusion sys-
tem (Medisoft, Dinant, Belgium) were performed prior to each
testing session.
DLNO and DLCO were measured simultaneously during a
single breath maneuver using the automated apparatus. Dmand Vc were then calculated according to the classic model of
pulmonary diffusion proposed by Roughton and Forster [1].
Subjects were in the sitting position, they wore a nose clip. A
mixture containing 0.28% CO, 14% helium (He), 21% O2 bal-
anced with nitrogen (N2) was mixed with a NO/N2 mixture
(450 ppm NO/N2, Air Liquide Sante´, Tunisia). The ﬁnal con-
centration of NO in the inspired bag was 40 ppm and that of
O2 was 19.1%. The apparatus was calibrated for gas fractions
using automated procedures. The linearity of the analyzers
was factory checked. Linearity on site could be checked by dilu-
tion procedures, i.e. dilution of the NO mixture with the CO/
He/O2 mixture to check NO analyzer linearity, or dilution of
the CO/He/O2 mixture with air to check CO analyzer linearity
[14,15]. The screen pneumotachograph was calibrated daily
with a 2 L syringe.
The subject breathed through a mouth-piece and a ﬁlter
connected to the pneumotachograph. When needed, subject
was requested to make a deep expiration. Then at the onset
of the next inspiration, a valve opened allowing the subject
to inspire the mixture during a rapid deep inspiration. A
breath-hold of 4 s was then requested followed by a rapid expi-
ration. The ﬁrst 0.8 L of expired gas was rejected as the further
0.6 L was sampled in a bag which was automatically analyzed
for NO, CO and He. The delay to analyze the sample of ex-
pired gas was constant, 35 s. The alveolar volume (VA) was
determined during the apnea; it was calculated using the He-
dilution technique. A breath-holding time of 4–5 s was chosen.
As the recent international guidelines recommend a mini-
mum of 4 min between DLCOmeasurements [16], subjects per-
formed the single-breath maneuver with a minimum of 4.5 min
between tests. Five sequential diffusion capacity tests were per-
formed. Based on the recent international criteria [16], the aver-
age value of two trials whose difference in diffusing capacity is
within 10% of each other is considered acceptable.
Values of Dm and Vc were calculated according to the
model of Roughton and Forster [1]. ‘‘1/HNO’’ was assumed
negligible [17], therefore DLNO=DmNO. DmCO was calcu-
lated as ‘‘DmNO/a’’ where ‘‘a’’ = 1.97 following Graham’s
law [1]. To calculate Vc, HCO reference values from Forster,
as he recommended, were chosen [18]. Mean capillary O2 pres-
sure was estimated at 100 mmHg taking into account the
slightly lower than normal O2 fraction in the inspired mixture.
So the measured parameters by the double transfer technique
were: Vc, Dm, DLCO, DLNO, VA and residual volume (RV).
Statistical analysis
Data analysis
The Kolmogorov–Smirnov test was used to analyze variable
distribution [19]. When the distribution is normal and the vari-
ances are equal, the results are expressed by their
means ± standards deviations (SD). If the distribution is not
normal, the results are expressed by their medians (1st–3rd
quartiles).
Univariate and multiple regression analysis: Inﬂuencing factors
Pearson product-moment correlation coefﬁcients (r) evaluated
the associations between Vc or Dm and the continuous mea-
sures: age, height, weight, BMI, BSA, RV (l) and VA (l).
The linearity of association between Vc or Dm and the con-
tinuous measures was checked graphically by plotting each
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associated variables were entered into the model. A linear
regression model was used to evaluate the independent vari-
ables explaining the variance in Vc or Dm. Candidate variables
were stepped into the model with a stepwise selection method.
To determine entry and removal from the model, signiﬁcance
levels of 0.15 and 0.05 were used, respectively. No collinearity
between predictors was detected with variance inﬂation
factors.
Vc and Dm simpliﬁed reference equations
As for the most published Vc or Dm adult’s reference equa-
tions [20], we have established a simple Vc and Dm reference
equation using only signiﬁcant anthropometric data age as
predictors of Vc or Dm in another stepwise linear regression
model. The model was evaluated by correlation (r) and deter-
mination (r2) coefﬁcients and the standard error. The 95%
conﬁdence interval (95% CI) was calculated as follows [21]:
95% IC = 1.64 · residual standard deviation (RSD).
A measured Vc or Dm lower than the upper limit of normal
(ULN= theoretical value  1.64 · RSD) will be considered
abnormal.
Analyses were carried out using Statistica (Statistica Kernel
version 6, StatSoft, 26 France). Signiﬁcance was set at the 0.05
level.Table 1 Applied non-inclusion and exclusion criteria.
Brief description
Recent airway infection (cold, ﬂu, sore throat within the last 7 days)
Poor cooperation to achieve a standard spirometry or a correct FeNO m
Current smoker
Asthma or obstructive ventilator defect (FEV1/FVC ratio < LLN)
Allergy
Medication use (glucocorticoid)
Premature children
Unaccepted FVC maneuver
For abbreviations, see abbreviations list.
Table 2 Anthropometric and pulmonary diffusing capacities data i
[8–9] years (n= 11) [10–11] years (n= 49) [1
Anthropometric data
Age** (Yr) 9 (9–9) 11 (11–11)€ 12
Height* (m) 1.35 ± 0.07 1.49 ± 0.06€ 1.
Weight* (kg) 33 ± 7 40 ± 7€ 43
BMI* (kg.m2) 18.0 ± 2.8 18.0 ± 2.7 17
BSA* (m2) 1.12 ± 0.15 1.29 ± 0.12€ 1.
Pulmonary diﬀusing capacities data
VA** (l) 2.72 (2.17–2.91) 3.47 (3.10–3.69)€ 3.
RV** (l) 0.79 (0.70–1.04) 1.19 (0.92–1.36) € 1.
DLNO* 86.66 ± 26.25 106.39 ± 24.53 € 12
DLCO* 18.10 ± 3.17 21.91 ± 3.81 € 22
Vc** (ml) 58.50 (46.30–66.10) 68.70 (57.20–79) 54
Dm* (ml/min/mmHg) 44.00 ± 13.32 53.77 ± 12.48€ 62
For abbreviation, see abbreviation list.
* Data are mean ± SD.
** Data are median (1st–3rd quartiles).
€ p< 0.05: comparison from one range to the next.Results
An initial sample of 172 voluntary children was examined.
Non-inclusion criteria (Table 1) were found in 78 boys. 9 vol-
untary girls were examined and excluded from the study. Fi-
nally, 85 boys were included to establish Vc and Dm
reference values. All patients were not obese and had a favor-
able socio economic level (SEL) and qualiﬁed as active. The
number of boys in each age group, the anthropometric, lung
volumes and Vc and Dm data are given in Table 2. Fewer boys
aged [14–16] years (9.4% of the total sample) were included.
Comparison from one range to the next, showed that Vc values
increased signiﬁcantly from the [12–13] to the [14–16] age
ranges (value is multiplied by three) and that Dm values in-
creased signiﬁcantly from the [8–9] to the [10–11] age ranges
and from the [10–11] to the [12–13] age ranges.
The Vc of the 85 healthy boys is shown in Fig. 1, according
to age, height and weight ranges (Fig. 1A–C, respectively). Sig-
niﬁcant Vc increases were found from the [12–13] to the [14–
16] age ranges, from the [26–34] to the [35–40] weight ranges
and from the [46–50] to the [51–69] weight ranges.
The Dm of the 85 healthy boys is shown in Fig. 2, accord-
ing to age, height and weight ranges (Fig. 1A–C, respectively).
Signiﬁcant Dm increases were found from the [8–9] to the
[10–11] age ranges and from the [10–11] to the [12–13] ageNumber
12
easure 21
2
3
7
2
1
30
n different age groups.
2–13] years (n= 17) [14–16] years (n= 8) Total sample (n= 85)
(12–13) € 16 (14–16) € 11 (10–12)
54 ± 0.08€ 1.64 ± 0.08€ 1.50 ± 0.10
± 8 56 ± 9€ 41 ± 9
.9 ± 2.0 20.80 ± 3.13€ 18.24 ± 2.74
35 ± 0.16 1.60 ± 0.16€ 1.31 ± 0.18
84 (3.45–4.01) € 6.41 (4.67–7.29) € 3.47 (2.96–3.99)
26 (1.11–1.44) 1.97 (1.72–2.87) € 1.20 (0.89–1.40)
3.98 ± 26.03 € 114.55 ± 54.12 108.12 ± 30.26
.20 ± 5.60 33.22 ± 6.97 € 22.54 ± 5.76
.40 (45.90–71.30) 151.25 (108–180.5) € 67 (53.30–81.30)
.92 ± 13.22€ 58.13 ± 27.49 54.75 ± 15.39
Figure 1 The pulmonary capillary blood volume in subgroups of children, according to age (A), height (B) and weight (C) ranges.
n= number of children. Data are shown as box-and-whiskers-plots illustrating the median (s), 25%75% (h) and minimum–maximum
( ). *p< 0.05: Comparison (T-test) from one range to the next. NS: not signiﬁcant.
Capillary blood volume and pulmonary membrane diffusing capacity norms in North African boys 709ranges. A signiﬁcant Dm decrease was found from the [41–45]
to the [46–50] weight ranges.
Univariate Spearman correlation coefﬁcients (r) between
the Vc or Dm of the 85 healthy boys data are shown in Table 3.
Only BMI was not signiﬁcantly correlated with Dm.
Table 4 presents the cumulative r2 of the independent
inﬂuencing factors included in the Vc and Dm forward linear
stepwise multiple regressions. VA, BMI, height, age, weight
and BSA explain 60.8% of Vc variability. The forward linear
stepwise multiple regression Vc model is as follows: Vc (ml) =
0.000041 · VA (l) + 0.720789 · BMI (kg m2) + 0.407270 ·
height (cm) + 0.046601 · age (Yr) + 0.047680 ·Weight (kg) +
0.095710 · BSA (m2) + 0.989652. VA, RV, age and height
explain 25.6% of Dm variability. The forward linear
stepwise multiple regression Dm model is as follows: Dm (ml/min/mmHg) = 0.004469 · VA+ 0.097675 · VR+ 0.031998 ·
age + 0.066044 · height + 0.838455.
The proposed Vc reference equation (Table 5) is as
follows: Vc (ml) = 11.3859 · age + 3.4613 · BMI  117.0508.
This model explains 45.7% of the Vc variability. To calculate
the lower limit of normal value subtract 42.48778 from the Vc
calculated reference value.
The proposed Dm reference equation (Table 5) is as
follows: Dm (ml/min/mmHg) = 0.6430 · height  41.5854.
This model explains only 16.31% of the Dm variability. To
calculate the lower limit of normal value subtract 23.22076
from the Dm calculated reference value.
In the 85 boys of our study, the calculated Vc corresponded
to 102 ± 36% (95%IC: 94–110%) of the predicted Vc. and
the calculated Dm corresponded to 100 ± 25% (95%IC:
Figure 2 The pulmonary membrane diffusing capacity in subgroups of children, according to age (A), height (B) and weight (C) ranges.
n= number of children. Data are shown as box-and-whiskers-plots illustrating the mean (h) and standard deviation ( ). *p< 0.05:
Comparison (T-test) from one range to the next. NS: not signiﬁcant.
710 S. Rouatbi et al.95–105%) of the predicted Dm. The difference between the
calculated and predicted Vc of the 85 boys was not signiﬁcant
(73.88 ± 34.74 ml vs. 73.88 ± 23.49 ml, p= 0.99) and the
correlation was signiﬁcant (r= 0.68; p= 0.0001). In addition,
only 1 boy (1.17%) showed a measured Vc lower than the
LLN of the predicted Vc.
The difference between the measured and predicted Dm of
the 85 boys was not signiﬁcant (54.75 ± 15.38 ml/min/mmHg
vs. 54.75 ± 6.21 ml/min/mmHg, p= 0.99) and the correlationwas signiﬁcant (r= 0.40; p= 0.0001). In addition, only 2 boys
(2.35) showed a measured Dm lower than the LLN of the
predicted Dm.Discussion
The aims of this study were to identify the factors inﬂuencing
Vc and Dm and to establish linear regression equations for
Table 3 Univariate Spearman correlation coefﬁcients (r)
between the pulmonary diffusing capacities and the 85 healthy
boys’ data.
Vc Dm DLNO DLCO
Age (Yr) 0.62* 0.24* 0.24* 0.64*
Height (m) 0.46* 0.40* 0.40* 0.61*
Weight (kg) 0.59* 0.30* 0.30* 0.60*
BMI (kg m2) 0.42* 0.11 0.11 0.34*
BSA (m2) 0.58* 0.35* 0.34* 0.63*
VA (l) 0.71* 0.41* 0.41* 0.82*
RV (l) 0.60* 0.26* 0.25* 0.76*
For abbreviations, see abbreviation list.
* p< 0.05.
Capillary blood volume and pulmonary membrane diffusing capacity norms in North African boys 711predicting reference values for Vc and Dm in healthy Tunisian
boys aged 8 to 16 years.
Most children above the age of 7–8 years can perform the
full range of tests available for older individuals, using similar
protocols to those described elsewhere in this Monograph. By
contrast, assessments in young children have generally been re-
stricted to specialized research establishments, due to the lack
of suitable equipment and the complexity of undertaking such
measurements [22].Table 5 Pulmonary capillary blood volume and pulmonary membra
Independent variables B P level
Vc (ml)
Constant 117.0508 0.000005
Age (Yr) 11.3859 0.000000
BMI (kg m2) 3.4613 0.001773
Dm (ml/min/mmHg)
Constant 41,5854 0.08687
Height (cm) 0.6430 0.00013
For abbreviations, see abbreviations list. 95% CI: 95% conﬁdence interv
Table 4 Independent variables included in the forward linear stepw
volume and pulmonary membrane diffusing capacity of the 85 healt
Independent variables B P level
Vc (ml)
Constant 4.138 0.98965
VA (l) 18.043 0.00004
BMI (kg.m2) 3.189 0.72078
Height (cm) 3.325 0.40727
Age (Yr) 5.224 0.04660
Weight (kg) 13.898 0.04768
BSA (m2) 901.322 0.09571
Dm (ml/min/mmHg)
Constant 6.262 0.83845
VA (l) 9.733 0.00446
RV (l) 7.954 0.09767
Age (Yr) 3.340 0.03199
Height (cm) 0.487 0.06604
For abbreviations, see abbreviations list. 95% CI: 95% conﬁdence intervHealthy subjects were selected by including all children who
respond to inclusion criteria. These different criteria described
previously have been inspired by similar studies according to
ATS/ERS guidelines [23]. 78 boys were excluded from the
group suffering from respiratory diseases or with a recent his-
tory of respiratory infections. Therefore 94 subjects remained
with 85 boys and 9 girls. Due to the low number of girls, we
have eliminated the female gender of our study. Thus, the
remaining 85 boys (age range, 8–16 years) were coded as being
well and were included in the ﬁnal study population. Ideally,
reference values are calculated with equations derived from
measurements observed in a representative sample of healthy
subjects in a general population. A large number of subjects
(i.e., n> 100) are needed to ensure no signiﬁcant difference
between the published reference equations and those from
the local community [8]. Because, it is the ﬁrst work establish-
ing reference values of Vc and Dm for healthy children, this
sample size (n= 85) can be considered as acceptable.
Two questionnaires were combined and used to evaluate
the characteristics of several children: the ATS-DLD-78-C
and ISSAC children’s questionnaire [9]. Some modiﬁcations
were established to ﬁt the socio-cultural needs. There were
medical questionnaires most recommended for epidemiologi-
cal research. The questionnaire was written in Arabic and
was composed of 37 questions, mainly closed response and
usually dichotomous. Questions were asked by an examinerne diffusing capacity reference equations for the 85 healthy boys.
95% CI Cumulative r2 1.64 RSD
156.2042 to 77.8973
8.5211–14,2507 0.3880 42.48778
1.7047–5,2178 0.4571
80.9470 to 2.2238 23.22076
0.3808–0.9052 0.1631
al around each B.
ise multiple regression model for the pulmonary capillary blood
hy boys.
95% CI Cumulative r2
2 305.319–941.401
1 3.982–12.278 0.513
9 8.534–26.313 0.547
0 3.831–11.812 0.559
1 2.480–7.647 0.587
0 6.632–20.447 0.594
0 513.079–1581.994 0.608
5 29.390–90.618
9 3.193–9.846 0.172
5 4.557–14.050 0.201
8 1.469–4.528 0.224
4 0.251–0.774 0.256
al around each B.
712 S. Rouatbi et al.with whom children or children-parents were not familiar. This
questionnaire was validated for the Arabic language.
In this study, Dm and Vc were calculated at rest among
healthy children aged from 8 to 16 years. We used a technique
of double transfer of NO–CO. Roughton and Forster demon-
strated that CO diffusion measured by the diffusing capacity of
the lung for CO reﬂected both Dm and reaction with Vc [1,15].
The diffusion capacity test was performed by children after a
calibration of the analysers and the pneumotachograph of
the hyp’air Compact Medisoft device.
This technique is suitable for measuring the simultaneous
transfer of two gases NO and CO known by their reactivity
with Hb. A correlation between DLCO and the Hb concentra-
tion was demonstrated by several authors [2,17,24–28]. In our
study, we investigated the notion of anemia in the question-
naire and the medical ﬁles of children. All subjects in our sam-
ple did not present anemia (Hb between 12 and 14 g/100 ml).
Corrections of Vc values based on Hb were not made. In fact,
Stam et al. [26] demonstrated that in healthy subjects, the cor-
rection of Hb levels had no effect on the values of DLNO,
DLCO, Dm and Vc.
This method was also characterized by ease of implementa-
tion since the breath-holding time of 4–5 s was chosen. In fact,
it has been shown that DLCO values were not different with 3
or 5 s [2,17,27–29]. In normal subjects, an apnea time of three
seconds instead of 10 s produced no change in measured
DLCO [17,27,29]. Apart from considerations of NO oxidation
and detection, breathless patients may have difﬁculty holding
their breath for 10 s [14,15]. The main methodological advan-
tage was that it was a one-time technique reducing greatly the
intra-individual dispersion of measurements [28]. The coefﬁ-
cients of variation of Dm and Vc for a given subject were much
smaller than with the conventional technique in two times [28].
Initial works showed no signiﬁcant difference in mean values
of Dm and Vc calculated with the conventional method in
two times and those calculated by this new technique of double
transfer of NO and CO [17,27,29].
Since the development of this technique, the speciﬁc prob-
lem was due to the use of NO as a test gas. Zavorsky and Mur-
ias [30] showed that the inhalation of repeated inhalations of
40–50 ppm of NO during single breath-hold maneuvers did
not increase DLNO, DLCO, Dm and Vc. In fact, ﬁve sequen-
tial breath-hold maneuvers did not change DLNO and thus
Dm.
NO is theoretically an ideal gas to study the function of the
alveolar-capillary membrane [31]. The heme structure of
hemoglobin has great afﬁnity for NO, and we believe that in-
haled NO is inactivated by hemoglobin, thereby restricting its
vasodilator activity in the lung [32]. NO is combined with
hemoglobin forming nitrosyl hemoglobin with an afﬁnity
1500 times higher than that measured for carbon monoxide
[33].
It is therefore reasonable to assume that 40 ppm inhaled
NO for three consecutive tests of a single respiratory cycle ap-
nea time relatively short (3 s) cannot have direct toxic effect on
the lungs of our subjects [2].
We designed the present study with the aim of establishing
a reference equation for Vc and Dm in a healthy North Afri-
can child population. To our knowledge, these are the ﬁrst re-
ported data on reference values of Vc and Dm for healthy boys
aged from 8 to 16 years.The most important determinants of lung volume are body
size, sex and age, and the usual approach is to use some com-
binations of these attributes when predicting lung volume
[34–36]. However, during recent years, there has been increas-
ing evidence of ethnic [35,37,38] and environmental inﬂuences
(e.g. passive smoking, SEL), which also need to be borne in
mind, together with the potential effects of puberty.
All patients of the present study had a favorable SEL and
qualiﬁed as active. Several studies were conducted on school-
children to predict lung functions using SEL [39–41]. Studies
from the United Kingdom [42] China [43] and Malaysia [44]
did not ﬁnd any relationship between SEL and lung functions
in children contrary to the Canadian [40] and the Indian [41]
studies where they found a signiﬁcant impact of the SEL
regarding pulmonary functions. In the present study, the im-
pact of SEL and physical activity on diffusing variables cannot
be studied because there is no variability of these two param-
eters in our children sample.
Comparison from one range age to the next, showed that
DLCO and Vc values increased signiﬁcantly from the
{12–13} to the {14–16} age ranges (value is multiplied by three)
and DLNO and Dm values increased signiﬁcantly from the
{8–9} to the {10–11} age ranges and from the {10–11} to the
{12–13} age ranges. These results can be explained by the effect
of puberty. Indeed, the beginning of puberty in boys occurred
at the age of 11.5 to 14.5 [45]. Indeed, at puberty children
increase in height. This anthropometric parameter is considered
as the most important determinant of functional respiratory
parameters [15].
Since the work of Krogh N. in 1914 [46] which showed that
DLCO/body surface area does not depend on age in adults,
several other studies [47,48] were interested in studying the ef-
fect of age on the different functions of the deep lung and in
particular the DLCO. The inﬂuence of age on the Dm and
Vc has not been well studied. These works have often focused
on a small number of subjects; and no children were included
in the samples. In our study where the sample included only
children, it was found that the VA, the Dm, the Vc, the DLNO
and the DLCO increased with age, this increase was related to
growth in height and weight. Signiﬁcant DLNO, DLCO and
Vc increases were found from the {26–34} to the {35–40}
weight ranges and from the {46–50} to the {51–69} weight
ranges. A signiﬁcant Dm decrease was found from the {41–45}
to the {46–50} weight ranges. This result was conﬁrmed by Cotes
[38], Zanen [49], and Rouatbi [50].
For the total sample, DLCO, DLNO, Vc and Dm were sig-
niﬁcantly correlated to age, height, weight, BSA, VA and RV.
DLCO and Vc were signiﬁcantly correlated to BMI (r= 0.42).
Several studies show the positive correlation of lung function
with anthropometric data in children [51,52]. Height had the
same effects in all approaches: Vc and Dm values increased
with increasing height [15]. Van Der Lee et al. [55] found that
the DLNO which was considered as the Dm was much stron-
ger related to the VA than Dm. In fact, lung size seems to be a
determinant factor: larger lungs show a stronger NO uptake
and therefore the DLNO is dependent on VA. In agreement
with our results Dm was not signiﬁcantly correlated with
BMI in males [53]. It is the physiological lung growth which
depends essentially on height. Keifer et al. [54] showed that
the associations of age and height with lung function were sim-
ilar across the 3 major ethnic groups.
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and spirometric data as predictors of Vc or Dm in a stepwise
linear regression model. VA, BMI, height, age, weight and
BSA explained 60.8% of Vc variability. The forward linear
stepwise multiple regression Vc model is as follows:Vc
(ml) = 0.000041 · VA (l) + 0.720789 · BMI (kg m2) +
0.407270 · height (cm) + 0.046601 · age (Yr) + 0.047680 ·
Weight (kg) + 0.095710 · BSA (m2) + 0.989652.
VA, RV, age and height explained 25.6% of Dm variability.
The forward linear stepwise multiple regression Dm model is
as follows:
Dm(ml/min/mmHg) = 0.004469 · VA+ 0.097675 · VR+
0.031998 · age + 0.066044 · height + 0.838455. A measured
Vc or Dm lower than the lower limit of the normal range
(LLN= predicted value  1.64 · RSD) is considered as
abnormal.
Zanen et al. [49] showed that VA played an important role,
although the exact inﬂuence on DLCO is still under debate
[56,57]. It, therefore, seems plausible that when a sample of
short subjects is selected, lower Dm and Vc values will be
measured and another set of regression equations will follow.
Because VA played an important role, the diffusing capacity
makes it an attractive covariate to include in reference equa-
tions. Chinn et al. [56] showed that the inclusion of VA divided
by height (H) squared (VA.H2) lowers RSD considerably.
However, when a VA term appears in a reference equation,
the diffusion parameters are corrected for VA, which results
in obtaining Dm or Vc per liter VA. The ﬁrst of the two
parameters serves the same purpose as the well-known KCO
(=DLCO/VA). It is not so much a question of whether VA
is a better parameter than height or age, but if its inclusion
would result in a new and different parameter. Dm/VA,
Vc/VA or Dm/VA.H2, Vc/VA.H2 are not, at present,
routinely used. More research is needed to select the best
parameter and to design a proper evaluation scheme
(especially for Vc) [49]. The same logic can be applied with
the VR and its inﬂuence on Dm.
Of pure and simple practical interest we established refer-
ence equations by including, as independent variables, only
anthropometric data: height for Dm; age and BMI for Vc.
Inclusion of only anthropometric data in reference equations
is justiﬁed by their easy use to assess their association with
dependent variables. Although VA and RV showed strong
relationships with Dm and Vc in univariate analysis, they were
not included in the reference equations [23]. Indeed, VA and
RV were not found in published reference equations for Vc
and Dm [39,50,51]. So the proposed Vc reference equation is
as follows: Vc (ml) = 11.3859 · age+ 3.4613 · BMI 117.0508.
This model explains 45.7% of the Vc variability. To calculate
the lower limit of normal value subtract 42.48778 from the Vc
calculated reference value.
The proposed Dm reference equation is as follows: Dm
(ml/min/mmHg) = 0.6430 · height  41.5854. This model ex-
plains only 16.31% of the Dm variability. Other factors, as
the length of the upper part of the body, body circumference,
nutritional comportment and air pollution could explain the
rest of the Dm variability. To calculate the lower limit of nor-
mal value subtract 23.22076 from the Dm calculated reference
value.
The difference between the measured and predicted Vc of
the 85 boys was not signiﬁcant (73.88 ± 34.74 ml vs.
73.88 ± 23.49 ml, p= 0.99) and the correlation wassigniﬁcant (r= 0.68; p= 0.0001). In addition, only 1 boy
(1.17%) showed a measured Vc lower than the LLN of the
predicted Vc.
The difference between the measured and predicted Dm of
the 85 boys was not signiﬁcant (54.75 ± 15.38 ml/min/mmHg
vs. 54.75 ± 6.21 ml/min/mmHg, p= 0.99) and the correlation
was signiﬁcant (r= 0.40; p= 0.0001). In addition, only 2 boys
(2.35) showed a measured Dm lower than the LLN of the
predicted Dm.
Because of the lack of published reference values of Dm
and Vc in children, comparison of Vc and Dm references
found in our study with published references could not be
performed.
In conclusion, we have established a reliable reference equa-
tion to interpret the results of Vc and Dm in healthy North
African children subjects. Vc and Dm can easily be predicted
by anthropometric parameters. Our Vc and Dm reference
equations enrich the world bank of reference equations, in
which the physician could choose according to their regional
localization or patient ethnic composition.
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